Abstract In this paper, a class of lump solutions to the (2+1)-dimensional
Introduction
The so-called (2+1)-dimensional Sawada-Kotera equation
was first proposed by Konopelchenko and Dubrovsky, [1] where u is a function of the variables x, y, and t. This equation can be obtained by assembling of the first two KdV equations. When u(x, y, t) ≡ u(x, t), Eq. (1) becomes the Sawada-Kotera equation
Equation (1) was widely used in many branches of physics, such as two-dimensional quantum gravity gauge field, conformal field theory and nonlinear science Liouvile flow conservation equations. In Ref. [2] , the equation was decomposed into three (0+1)-dimensional Bargmann flows and obtained its explicit algebraic-geometric solution. In Ref. [3] , four sets of bilinear Bäcklund transformations were constructed to derive multisoliton solutions. In Ref. [4] , the multi-wave method was used to seek for wtype wave solution, periodic soliton wave solutions, and three soliton wave solutions. In Ref. [5] , the equation has been studied in the view point of Bell polynomials and its Lax pair can be found in Refs. [5] [6] [7] . In Ref. [8] , its Bilinear bell polynomials was obtained. In Refs. [9] [10] [11] [12] , the equation's symmetry analysis was studied. In Ref. [13] , Multiple soliton solutions and multiple singular soliton solutions were derived for the equation. In Ref. [14] , double periodic wave solutions were obtained. It is well known that all integrable equations possess soliton solutions, which reflect a common nonlinear phenomenon in nature. In the last decades, an increasing number of researchers have paid attention to the study of exact solutions, such as the rational solutions and the rogue wave, which exponentially localized solutions in certain directions. Compared with soliton solutions, lump solutions are a special kind of rational function solutions, localized in all directions in the space. The lump solution was first discovered [15] for its significant physical meanings. Many integrable equations have been found to possess lump solutions, such as the KPI equation, [16] the two-dimensional nonlinear Schrödinger type equation, [16] the three-dimensional three wave resonant interaction equation, [17] the Ishimori equation. [18] More recently, Ma [19] proposed a new direct method to obtain the lump solutions of the KP equation with Hirota bilinear method. This method is natural and interesting to search for lump solutions to nonlinear partial differential equations. Based on this method, the lump solutions of some more integrable equations have been found, such as dimensionally reduced p-gKP and p-gBKP equtions, [20] Boussinesq equation, [21] dimensionally reduced Hirota bilinear equation. [22] In addition, it is
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reported that lump solutions for some nonlinear partial differential equations restore their amplitudes, velocities, shapes after the interaction with solitons, which means the interaction among them can be considered completely elastic. [23−25] However, for some integrable equations, the interactions turned out to be completely non-elastic under a certain conditions. [26−28] In fact, in many nonlinear science fields such as the laser and optical physics, gas dynamics, hydrodynamics, plasma physics, nuclear physics, passive random walker dynamics, and electromagnetics, the similar phenomenon have been observed. Therefore, it is very important to discuss the inelastic interactions between the solitary waves in certain integrable or nonintegrable system under strong physical backgrounds, and it may provide a theoretical tool in understanding and supporting the relevant dynamical behavior.
In this paper, we study the lump solutions and a completely non-elastic interaction between a lump and a stripe of the (2+1)-dimensional Sawada-Kotera equation. The rest of the paper is organized as follows: In Sec. 2, lump solutions of the (2+1)-dimensional Sawada-Kotera equation are studied and some sufficient and necessary conditions are presented on the parameters involved in the solutions, 2-dimensional curves, 3-dimensional plots and density plots with particular choices of the involved parameters are presented to show the dynamic characteristics of the obtained lump solutions. In Sec. 3, a completely non-elastic interaction between a lump and a stripe of the (2+1)-dimensional Sawada-Kotera equation is obtained and the process of interaction is showed. The last section contains a conclusion.
Lump Solutions to the (2+1)-Dimensional Sawada-Kotera Equation
By introducing a potential variable v x = u with v = v(x, y, t), Eq. (1) reduces to
For Eq. (3), there exists a truncated Painlevé expansion [29] 
with u 0 , u 1 , u 2 , ϕ being the functions of x, y and t, the function ϕ(x, y, t) = 0 is the equation of singularity manifold. Substituting (4) into (3) and balancing all the coefficients of different powers of ϕ, we can get
For the purpose of this paper, constructing the lump solutions of Eq. (1) from its bilinear form, we can take the vacuum solution u 0 = 0, which leads to
where ϕ and ψ are two branches of the singular manifold. Based on the truncated Painlevé expansion (5), corresponding to the branch of singular manifold, we substitute a dependent variable transformation u = 6(ln f ) xx with f = f (x, y, t) into Eq. (1) yields an alternative bilinear representation for Eq. (1) as
where
y and D x D t are all the bilinear derivative operators [30] defined by
It is clear that if f solves Eq. (6), then u = u(x, y, t) is a solution to Eq. (1) through the transformation u = 6 (ln f ) xx .
To search for lump solutions to the (2+1)-dimensional Sawada-Kotera equation in Eq. (6), we begin with quadratic function solutions with the assumption
with
where a i (1 ≤ i ≤ 9) are all real parameters to be determined. In order to obtain the lump solutions, the positiveness of f and localization of u in all directions in the space need to be satisfied. Through a direct computation with f above generates the following set of constraining equations for the parameters:
which need to satisfy the conditions
This leads to a class of positive quadratic function solutions to Eq.
Then a class of lump solutions to the (2+1)-dimensional Sawada-Kotera equation (1) through the transformation
In this class of lump solutions, six parameters a 1 , a 2 , a 4 , a 5 , a 6 and a 8 are involved in the solution u, while a 4 and a 8 are arbitrary without conditions. Two special pairs of positive quadratic function solutions and lump solutions with choosing specific parameters are given in the following.
First, a selection of the parameters: 
The plots when t = 6 are depicted in Fig. 1 . Second, another selection of the parameters: 
The plots when t = 2 are depicted in Fig. 2 . It is obviously observed that at any given time t, all the above lump solutions satisfy:
u(x, y, t) = 0, lim
The lump solutions derived in this paper satisfy this criterion, and they are rationally localized in all directions in the space. 
Interaction Between a Lump and a Stripe of SK Equation
The interaction between a lump and a stripe of the (2+1)-dimensional Sawada-Kotera equation will be studied in this section. For the purpose of obtaining the interaction between rational solution and solitary wave solution, we rewrite the above function f (x, y, t) into the following new form
It is obvious that the function f (x, y, t) consists of a rational function and an exponential function. Substituting
Eq. (22) into Eq. (6), it can generate the following set of constraining equations for the parameters:
where a 1 a 6 − a 2 a 5 ̸ = 0. Then the exact interaction solution of u is expressed as follows:
In order to get the collision phenomenon, a It presents a completely non-elastic interaction between two different solitons and decays both algebraically and exponentially. To illustrate the interaction phenomena between a lump and a stripe, we select the following parameters In order to investigate the interaction phenomenon between k 3 > 0 and k 3 < 0, we can change k 1 and k 2 in Eq. (25) . when k 1 = 1, k 2 = 1/2 in Eq. (26), the obtained k 3 = 9/4, and when k 1 = 1, k 2 = 3/2, the obtained k 3 = −11/4. When k 3 > 0, the asympototic behaviors in Fig. 4 show the interaction phenomenon is consistent with k 3 < 0 in Fig. 5 . From the two pictures, we can see the interaction phenomena both happen near t = 0, lump solutions are drowned or swallowed by stripe waves after t = 2. For a long time, the interaction phenomena are consistent between k 3 > 0 and k 3 < 0.
It is clear that when t → −∞, the solution u represents two solitary waves: the lump solution and the stripe wave solution, When t → ∞, the lump solution disappears, and only the stripe wave solution exists. It reflects the completely non-elastic interaction between two different waves. The process of interaction of lump solution is drowned or swallowed by stripe wave can be seen from Fig. 4 and Fig. 5 .
Summary and Discussions
In summary, based on Horota bilinear form, we study the (2+1)-dimensional Sawada-Kotera equation. Lump solutions and mixed exponential-algebraic solitary wave solutions are obtained. The completely non-elastic interaction between lump solution and stripe solution for the (2+1)-dimensional Sawada-Kotera equation are presented. The dynamic behavior shows that the mixed exponential-algebraic solitary wave solution is instability. These results might be helpful to understand the propagation processes for nonlinear waves in fluid mechanics and enrich the variety of the dynamics of higher dimensional nonlinear wave field.
